Zhang, Xin-Zhou, and Chris Baylis. Endothelin mediates renal vascular memory of a transient rise in perfusion pressure due to NOS inhibition. Am. J. Physiol. 276 (Renal Physiol. 45): F629-F634, 1999.-We investigated the renal responses to NO synthase (NOS) inhibition with N-monomethyl-L-arginine (L-NMA; 30 mg/kg) in anesthetized rats in which renal perfusion pressure (RPP) to the left kidney was mechanically adjusted. Acute L-NMA increased blood pressure (BP, ϳ20%) and renal vascular resistance (RVR) rose (ϳ50%) in the right kidneys that were always exposed to high RPP. In group 1, the left kidney was exposed to a transient increase (5 min) in RPP which was then normalized, and the rise in RVR was similar to the right kidney. In group 2 the left kidney was never exposed to high RPP, and the rise in RVR was attenuated relative to the right kidney. In group 3, rats were pretreated with the endothelin (ET) receptor antagonist Bosentan, immediately before exposure of the left kidney to a transient increase in RPP, and the rise in RVR was also attenuated relative to the right kidney. NOS inhibition resulted in a natriuresis and diuresis in the right kidneys, and ϳ50% of the natriuresis persisted in the left kidney of group 2, in the absence of any rise in RPP. ET antagonism completely prevented the natriuresis and diuresis in response to acute L-NMA in both left and right kidneys. These data suggest that transient exposure to high RPP by NOS inhibition prevents an appropriate vasodilatory response when RPP is lowered, due to the intrarenal action of ET. nitric oxide; endothelin; blood pressure; renal plasma flow; natriuresis NITRIC OXIDE (NO) has potent vasodilatory actions and maintains blood pressure (BP) and renal hemodynamics in the baseline state (4, 20, 22) . The acute inhibition of endogenous NO synthesis with L-arginine analogs such as nitro-L-arginine methyl ester (NAME) or N-monomethyl-L-arginine (L-NMA) causes large increases in systemic BP and renal vascular resistance (RVR) (4, 20, 22, 29) . NO-induced vasodilation involves lowering vascular smooth muscle intracellular calcium concentration (1) . Thus administration of the NO donor sodium nitroprusside (SNP) or calcium channel blocker verapamil should reverse the responses to acute NO synthase (NOS) inhibition. However, we previously reported that although the increased BP induced by NOS inhibition could be normalized completely by either SNP or verapamil, the increase in RVR was not acutely reversible, when the kidney had been exposed to a transient increase in renal perfusion pressure, RPP (6). This earlier study suggested that the renal vasculature was unable to vasodilate appropriately in response to a reduction in BP, after exposure to a transient rise in BP, when endogenous NOS was inhibited. In the present study in the anesthetized rat, we have investigated whether the persistent renal vasoconstriction after transient exposure to high RPP induced by acute systemic NOS inhibition could be prevented by mechanically controlling RPP, rather than by using vasodilatory drugs. In addition, there is increasing evidence suggesting that endothelin (ET) may mediate some of the vascular actions of acute NOS inhibition (14, 24, 32, 35) , and accordingly, studies were also conducted to determine whether ET plays a role in this effect.
NITRIC OXIDE (NO) has potent vasodilatory actions and maintains blood pressure (BP) and renal hemodynamics in the baseline state (4, 20, 22) . The acute inhibition of endogenous NO synthesis with L-arginine analogs such as nitro-L-arginine methyl ester (NAME) or N-monomethyl-L-arginine (L-NMA) causes large increases in systemic BP and renal vascular resistance (RVR) (4, 20, 22, 29) . NO-induced vasodilation involves lowering vascular smooth muscle intracellular calcium concentration (1) . Thus administration of the NO donor sodium nitroprusside (SNP) or calcium channel blocker verapamil should reverse the responses to acute NO synthase (NOS) inhibition. However, we previously reported that although the increased BP induced by NOS inhibition could be normalized completely by either SNP or verapamil, the increase in RVR was not acutely reversible, when the kidney had been exposed to a transient increase in renal perfusion pressure, RPP (6) . This earlier study suggested that the renal vasculature was unable to vasodilate appropriately in response to a reduction in BP, after exposure to a transient rise in BP, when endogenous NOS was inhibited. In the present study in the anesthetized rat, we have investigated whether the persistent renal vasoconstriction after transient exposure to high RPP induced by acute systemic NOS inhibition could be prevented by mechanically controlling RPP, rather than by using vasodilatory drugs. In addition, there is increasing evidence suggesting that endothelin (ET) may mediate some of the vascular actions of acute NOS inhibition (14, 24, 32, 35) , and accordingly, studies were also conducted to determine whether ET plays a role in this effect.
METHODS
Studies were conducted in 22 male Sprague-Dawley rats (aged ϳ4-5 mo) obtained from Harlan Sprague Dawley (Indianapolis, IN), maintained on ad libitum food (23% protein, 0.7% NaCl) and tap water. All aspects of these experiments were conducted in accordance with the National Institutes of Health ''Guide for the Care and Use of Laboratory Animals. '' On the day of the experiment, the rat was anesthetized with the thiobarbiturate general anesthetic, Inactin (120 mg/kg ip; supplemental doses 5-10 mg/kg ip as required), and transferred to a temperature-controlled table, and rectal temperature was maintained at 36-38°C throughout the experiment. Vascular catheters were placed in the left femoral vein and both jugular veins for the following infusions: artificial plasma (2.5% bovine serum albumin and 2.5% bovine globulin) to maintain the euvolemic preparation as described previously by us (11); tritiated inulin (5 µCi/ml; Dupont, NEN Research Products, Boston, MA) and p-aminohippurate (PAH, 1%; Merck, Sharp and Dohme, West Point, PA) in 0.9% NaCl at 1.6 ml/h after a 0.3-ml bolus. The left femoral artery and carotid artery were also catheterized for monitoring BP and for occasional blood sampling. A tracheotomy was performed and an oxygen-rich environment was provided by exposing the tracheal tube to 95% O 2 and 5% CO 2 , throughout the experiment. The abdomen was opened through a ventral midline and a lateral incision and the intestines were reflected to expose the left kidney and the aorta. The left kidney was prevented from drying by covering with wet lens paper. Both ureters were catheterized for urine collection, and an adjustable Blalock clamp was placed on the abdominal aorta between the right and left renal arteries. This allowed independent control over RPP to the left and right kidneys. The carotid artery pressure was taken as right RPP and femoral artery pressure as left RPP. After the surgery, all the incisions were covered with Parafilm to prevent fluid loss.
After a 60-min equilibration period at the end of surgery, two 15-to 20-min control urine collections were made with midpoint arterial blood samples (ϳ150 µl). The blood was centrifuged, plasma was removed for analysis (see below), and red blood cells were reconstituted with an equal volume of artificial plasma and restored to rats after completion of control measurements. Next, an intravenous bolus of L-NMA (30 mg/kg) was given, followed by a continuous infusion of L-NMA at the rate of 2 mg · kg Ϫ1 ·min Ϫ1 . In group 1 experiments (n ϭ 7), the Blalock clamp was manipulated 5 min after L-NMA infusion so that RPP to the left kidney was normalized after exposure of the left kidney to a transient increase in RPP. In group 2 experiments (n ϭ 8), the Blalock clamp was manipulated during L-NMA administration to keep the RPP to the left kidney at the control level, with no exposure to the high BP. In group 3 experiments (n ϭ 7), rats received the ET type A and B receptor antagonist, Bosentan (10 mg/kg; Hoffmann-La Roche), 5 min before L-NMA administration. In these rats, RPP to the left kidney was normalized 5 min after L-NMA infusion, as in group 1. In all groups, the right kidney was exposed to high perfusion pressure throughout the experimental period. Ten minutes after beginning L-NMA administration, two further urine collections were made with a midpoint femoral arterial blood sample.
The volume of urine samples was measured gravimetrically, and urine was analyzed for tritiated inulin activity and for PAH, sodium, and potassium concentrations. Arterial blood samples were analyzed for hematocrit, plasma tritiated inulin activity, PAH, sodium, and potassium concentrations. Tritiated inulin activity was measured in 10-µl aliquots of urine and plasma (in 0.3 ml of H 2 O ϩ 3 ml of Scint A, XF; Packard, Meriden, CT) in a Packard scintillation counter. PAH was measured colorimetrically, and sodium and potassium concentrations were measured by flame photometry, as described previously (3, 6, 24) .
These measurements allowed calculation of inulin clearance [equal to glomerular filtration rate (GFR)], PAH clearance [equal to renal plasma flow (RPF) when factored for renal extraction of PAH], RVR, filtration fraction (FF), urinary excretion of sodium and potassium (U Na V and U K V, respectively) and the fractional excretion of sodium (FE Na ). The calculations have been described previously (3, 5, 6, 24) . Data are expressed throughout as means Ϯ SE, and statistical significance (where P Ͻ 0.05) was determined by paired and unpaired t-tests.
RESULTS
All data for renal function and BP are summarized in Table 1 . There was no difference in renal function between the left and right kidney during control measurements in either group 1 or 2, nor were there any statistically significant differences in baseline variables between the two groups. Although BP and GFR were also similar in group 3, there were some differences in other baseline values, with group 3 rats generally showing more vasodilated kidneys and greater electrolyte excretions vs. groups 1 and 2 ( Table 1) . In all groups, acute NOS inhibition led to a sustained rise in BP of ϳ25 mmHg. In group 3 rats, the ET antagonist led to a slight fall in BP 5 min after administration and immediately before the L-NMA was given (118 Ϯ 5 vs. 123 Ϯ 4 mmHg, P Ͻ 0.05). The right kidney, which was always exposed to the high BP, responded similarly in Values are means Ϯ SE; n ϭ no. of rats. Group 1 rats: left kidney was exposed to a transient increased (5 min) and then normalized blood pressure while right kidney was always exposed to high pressure. Group 2 rats: left kidney was never exposed to high pressure while right kidney was exposed to high pressure throughout. Group 3 rats: were pretreated with the endothelin antagonist Bosentan (Bos) 5 min before the left kidney was exposed to a transient increased (5 min) in blood pressure. Hct, hematocrit; RPP, renal perfusion pressure; GFR, glomerular filtration rate; RPF, renal plasma flow; FF, filtration fraction; RVR, renal vascular resistance; V, urine flow rate; U Na V, urinary sodium excretion; FE Na , fractional excretion of sodium; U K V, urinary potassium excretion; Exp, experimental; NS, not significant. * P Ͻ 0.05 change were between right and left kidney (paired t-test). † P Ͻ 0.005 change between right and left kidney (paired t-test). ‡ P Ͻ 0.05 difference in the control values vs. group 3 (1-way ANOVA). http://ajprenal.physiology.org/ groups 1-3 with a large increase in RVR (Fig. 1) . The renal vasoconstriction led to a fall in RPF but had no effect on GFR due to a compensatory increase in FF in groups 1 and 2. In group 3, the prior treatment with ET antagonist resulted in a fall in both RPF and GFR, since FF was not increased in response to acute NOS inhibition.
In group 1 rats (413 Ϯ 12 g body wt), the left kidney was exposed to a transiently increased (5 min) RPP, which was then lowered to control values. Despite rapid reversal of the increase in RPP, RVR remained high and RPF fell, similar to the right kidney. As shown in Fig. 1 , the magnitude of the rise in RVR (expressed as percent change from control) was similar in left and right kidneys of group 1. The absolute change in RVR after L-NMA was also similar (4.6 Ϯ 0.7 and 5.8 Ϯ 0.5 mmHg · ml Ϫ1 · min, left and right kidneys, respectively; P ϭ not significant). In contrast, the GFR fell moderately in the left kidney, by ϳ15% vs. the control value, presumably because reduction of RPP meant that a lower pressure was transmitted to the glomerulus. In group 2 rats (402 Ϯ 11 g body wt), the left kidney was never exposed to increased RPP during acute NOS inhibition. In this case, the RVR increased, but the magnitude of the rise was smaller than in the right kidney, both by absolute change (ϩ6.1 Ϯ 1.1 vs. ϩ2.7 Ϯ 0.9 mmHg · ml Ϫ1 · min; P Ͻ 0.05) and as percent change (Fig. 1) . In group 2 rats, GFR was similar between the kidneys and was not affected by NOSI. In group 3 rats (body wt, 433 Ϯ 21 g), prior ET antagonism prevented the exaggerated rise in left kidney RVR in response to transient exposure to high RPP after L-NMA. Therefore, although RVR increased in both left and right kidneys with L-NMA, the magnitude of the rise was blunted in the left vs. right kidney both by absolute change (ϩ5.3 Ϯ 0.7 vs. ϩ10.0 Ϯ 1.9 mmHg · ml Ϫ1 · min; P ϭ 0.05) and as percent change (Fig. 1) . In group 3 rats, GFR fell similarly in both left and right kidneys after L-NMA as did RPF, whereas FF did not change.
In response to acute NOSI, urine flow rate (V), U Na V, and FE Na rose significantly and a smaller increase occurred in U K V, in the right kidneys, subjected to high RPP in both group 1 and group 2 rats. Although not shown, plasma sodium and potassium concentrations were unaffected by any of the experimental maneuvers. Compared with the right kidney, the magnitude of the increases of V, U Na V, and FE Na in left kidneys was less, by ϳ50% in both groups 1 and 2 (Fig. 2) , whereas the kaliuresis was similar. It is interesting that acute NOS inhibition still exerted natriuretic and diuretic effects in the left kidneys of both groups 1 and 2, despite the fact that RPP was not elevated during the urine collections and, in the case of group 2, had never been exposed to increased RPP during the course of the experiment. Prior Bosentan eradicated the natriuresis, diuresis, and kaliuresis in response to L-NMA in both kidneys, despite the fact that the right kidney was exposed to a high RPP.
DISCUSSION
In the present study, acute systemic NOS inhibition in the anesthetized, volume-replete rat led to hypertension and marked renal vasoconstriction. The renal vasoconstrictor responses of the right kidney (always exposed to high RPP) were similar to those previously reported by us (3, 4, 6, 24) and others (22, 30) in both conscious and anesthetized, volume-replete rats. An increase in RPP leads to an autoregulatory rise in RVR separate from any direct actions of NOS inhibition within the renal vasculature. Accordingly, local intrarenal NOS inhibition, without a rise in RPP, has been reported to evoke a smaller renal vasoconstriction than seen with a pressor dose of systemic NOS inhibitor (11, 15) , reflecting the selective removal of local, tonically produced NO. As predicted by these earlier findings, in the present study an attenuated rise in RVR occurred in the left kidney of group 2 rats (never exposed to high RPP) vs. the right. This observation is qualitatively Fig. 1 . Top: change in mean renal perfusion pressure (RPP) to right kidney (RK) and left kidney (LK) in groups 1-3. Bottom: percentage change from control of renal vascular resistance (RVR) in RK and LK after systemic NO synthase (NOS) inhibition with L-NMA (solid arrows). Right kidney was always exposed to increased RPP, whereas measurements were made on the left kidney at control RPP. In groups 1 and 3, left kidney was transiently exposed to increased RPP (5 min), whereas in group 2 the left kidney was never exposed to increased RPP. In group 3, Bosentan (Bos) was given 5 min before L-NMA (open arrows). * Significant difference between right and left kidney, P Ͻ 0.05 by paired t-test. http://ajprenal.physiology.org/ similar to recent reports in which only ϳ50% of the rise in RVR in response to systemic NOS inhibition occurred when RPP was held constant (10, 31) . Much of this residual rise in RVR could be prevented by inhibition of tubuloglomerular feedback (TGF) in a setting where the ANG II, cyclooxygenase, and sympathetic nervous systems were also blocked (10). These observations suggest that removal of directly acting endothelium-derived NO plays only a minor role in the renal vasoconstrictor response to acute NOS inhibition. A less predictable finding in the present study was the amplified increase in RVR seen in the left kidney of group 1 rats. Although these kidneys were exposed to a transient (5 min) increase in RPP, the measurements of RVR were made up to 30-40 min later, during which time the left kidney had been exposed to control levels of RPP. Nevertheless, the left kidney ''remembered'' the transient increase in RPP and responded with a persistent, amplified elevation in RVR that was indistinguishable from that seen in the right kidney, exposed to high RPP throughout.
In a previous study performed in conscious chronically catheterized rats, normalization of BP with either the NO donor SNP or the calcium channel blocker, verapamil (6) after transient (5 min) hypertension failed to lower the RVR to the expected value. Thus transient exposure of the kidney to high RPP leads to prolonged renal vasoconstriction which cannot be reversed by either pharmacological or mechanical reduction of RPP. This effect is specific to a pressor dose of NOS inhibitor, because when an equivalent, transient rise in RPP was produced by ANG II, the RVR fell appropriately upon reduction in RPP (6) .
One explanation for the prolonged increase in RVR after a transient rise in RPP due to NOS inhibition is that renal autoregulatory mechanisms may become deranged. However, several reports indicate that autoregulation of RPF was unattenuated in both dog and rat given high, pressor doses of L-NAME (2, 7, 13, 27) . In fact, NOS inhibition should improve renal autoregulation since macula densa NO provides a vasodilatory ''brake'' to TGF-induced increases in afferent arteriolar tone (17, 36) , NOS inhibition improves TGF efficiency (8, 34) , and autoregulation of glomerular BP is enhanced by NOS inhibition in the ''in vitro'' juxtamedullary nephron preparation (16) . However, some observations have suggested that NO might contribute to the autoregulatory vasodilation that occurs when RPP is lowered (18, 21, 28) . In these studies relatively low levels of NOS inhibitors were given so that intrarenal NOS was inhibited with minimal increases in BP. In fact, studies in the rat have shown that autoregulation of cortical blood flow is improved with high-dose L-NAME but impaired with a lower dose (13).
It is not clear what role, if any, NO plays in autoregulatory vasodilation when RPP is lowered and the present studies were not designed to address this issue. Nevertheless, it is possible that a component of the persistent, exaggerated increase in RVR seen with acute systemic NOS inhibition, after normalization of BP, results from an autoregulatory response. If NO is required for an appropriate fall in RVR when RPP is reduced, then the increased RVR secondary to a pressor dose of NOS inhibitor will be ''stuck,'' and RVR will be unresponsive to subsequent normalization of BP. However, renal autoregulatory adjustments are confined to the preglomerular vessels (23), and we have both direct and indirect evidence to suggest that efferent arterioles are also involved; thus other mechanisms may also be operating. In a previous micropuncture study, we showed that acute systemic NOS inhibition led to large increases in both afferent and efferent arteriolar resistance, whereas local intrarenal inhibition of NO caused a small increase in afferent arteriolar resistance without any effect on efferent arteriolar resistance (11) . The increased efferent resistance was a result of a pressor dose of systemic NOS inhibitor, and we subsequently showed that this was largely prevented by ET receptor antagonism, which also blunted the increase in afferent resistance (25) . We have also reported previously that ET inhibition reduces the rise in RVR seen in the conscious chronically catheterized rat during acute NOS inhibition (24) .
The extensive interactions between NO and ET suggest that ET may mediate some of the renal vasoconstrictor responses to acute NOS inhibition. ET stimulates endothelial NO release, via the ET B receptor (32, Fig. 2 . Percentage change from control of urine flow rate (V), urinary excretion of sodium (U Na V), and fractional excretion of sodium (FE Na ) of right and left kidney after acute NOS inhibition with L-NMA in groups 1-3. Right kidney was always exposed to increased RPP in both groups, whereas measurements were made on the left kidney at control RPP. In groups 1 and 3, left kidney was transiently exposed to increased RPP (5 min), whereas in group 2 the left kidney was never exposed to increased RPP. Bosentan was given 5 min before L-NMA in group 3. * Significant difference between right and left kidney, P Ͻ 0.05 by paired t-test. 35 ), whereas tonically produced NO inhibits endothelial ET release (8) . NO blunts the vasoconstrictor response to ET, both by its general vasodilatory action and because NO abbreviates ET signaling at its receptor (14) . In addition, the prolonged vasoconstrictor action of ET following binding to its vascular receptor (19) could provide a mechanism for the prolonged rise in RVR seen after transient exposure of the left kidney to high RPP in the present study. We therefore conducted an additional experiment to determine whether combined ET A and ET B receptor antagonism could prevent the exaggerated, prolonged renal vasoconstriction due to L-NMA, associated with transient exposure of the left kidney to high RPP. As shown, blockade of ET A and ET B receptors reduces the rise in left kidney RVR by ϳ50% compared with that seen in the right kidney, so that the pattern of change in RVR resembles that of group 2 rats, where the left kidney is never exposed to high RPP. These observations suggest that an intact renal NO system is necessary for an appropriate fall to occur in RVR due to reduction in RPP. In the absence of NO even a transient rise in RPP leads to a persistent, ET-mediated renal vasoconstriction. We did not separately assess the renal actions of ET blockade alone, in the present study, although we previously reported that Bosentan produces no change in total RVR, RPF, or GFR, despite a small fall in BP and a small constriction of the outer cortical afferent arterioles (26) . It is therefore likely that the Bosentaninduced attenuation of the rise in left RVR seen in group 3 reflects the inhibition of an effect secondary to NOS inhibition-induced stimulation of ET.
One limitation of the present study is that group 3 studies (performed ϳ1 yr after groups 1 and 2) showed some differences in baseline function, suggestive of either less surgical stress or greater volume expansion (both of which are likely to impact the NOS system). Therefore there may be some differences in the baseline level of activity of NOS between group 3 and groups 1 and 2. Nevertheless, the important comparison is the response to acute NOS inhibition between the left and right kidneys within each group. ET blockade clearly restores the attenuated response of the left vs. right kidney exposed to transient increases in RPP during acute NOS inhibition (group 3), to that of the NOSinhibited left kidney never exposed to increased RPP (group 2). This strongly suggests that ET mediates the exaggerated, prolonged renal vasoconstriction associated with acute NOS inhibition and transient rise in RPP.
In addition to the hypertensive and renal hemodynamic effects, systemic NOS inhibition produced a significant natriuresis and diuresis. We suggested earlier that this might result from a pressure natriuresis/ diuresis due to an abrupt increase in arterial BP (4). We note, however, in the present study ϳ50% of the natriuresis persisted in the left kidney despite either rapid normalization of RPP (group 1) or absence of any rise in RPP (group 2), demonstrating that the natriuresis observed due to systemic NOS inhibition in this experiment is not entirely the result of a pressure effect. De Nicola and colleagues (12) previously reported that L-NMA has a direct ANG II-dependent inhibitory action on proximal reabsorption that is independent of RPP (12) . We have previously observed that prior renal denervation attenuates the natriuretic response to a pressor dose of NOS inhibitor (5), despite persistence of an unblunted rise in BP, in the conscious rat. Similar findings were reported for the anesthetized rat (33) . We recognize that there is considerable evidence supporting a primary natriuretic role for NO by inhibition of epithelial sodium transport (20) . It is therefore likely that a component of the natriuretic response to widespread NOS inhibition results from some secondary event related to the rise in BP but separate from a pressure natriuresis. Based on our group 3 studies, it is clear that ET plays a pivotal role, since Bosentan prevents the natriuresis and diuresis due to NOS inhibition in both the left kidney and the right kidney exposed to prolonged high RPP. The present observation agrees with our previous report that ET receptor blockade, or ET converting enzyme inhibition, leads to suppression of the natriuretic response to acute systemic NOS inhibition in the conscious rat (24) . In addition, an ␣ 2 -adrenoceptor natriuretic effect, mediated via the renal nerves, has also been implicated (33) . Exactly how these various systems interact and influence sodium excretion in response to acute NOS inhibition is not clear at this time.
In summary, the present study confirms and extends our finding that once the kidney is exposed to a transient increase in BP due to acute systemic inhibition of NO, the RVR remains high despite subsequent normalization of BP. It seems that the renal vasculature can remember a short-term exposure to high RPP, when the pressor effect is due to NOS inhibition, and that this exaggerated renal vasoconstriction is due to an action of ET. In addition to blunting the vasoconstrictor actions of ET and reducing ET release, NO also shortens the interaction time between ET and its receptor (8, 14) . It is possible that a transient rise in RPP leads to intrarenal ET release, which is normally buffered by endogenous NO. As a result, in the absence of NO, a prolonged ET-dependent renal vasoconstriction occurs even after RPP has been normalized. This has potential clinical relevance, since an abrupt reduction in BP in NO-deficient individuals could lead to prolonged high RVR and low RPP; a combination that would seriously compromise renal function. These studies also support recent findings that the natriuresis of acute systemic NOS inhibition can be partially dissociated from the rise in BP.
